MOTIVATIONS 3 Motivations
An option as an injector into eRHIC electron storage ring is a rapid-cyclic synchrotron (RCS) [1] , with a few tens of milliseconds acceleration cycle, this is under study [2] . However, it has been pointed out that rapid acceleration of polarized electron bunches has never been done and would deserve experimental investigation [3] :
"The RCS concept can be validated by simulations, but relevant experimental studies at Cornell would be helpful." "Given the importance of the RCS, it is advisable that simulations are benchmarked to experimental results to be gathered at an existing facility. Such an experiment however would require at least a polarized source and two polarimeters."
The Cornell synchrotron ("RCS" in the following) seems to lend itself to such tests. However, possible proof-of-principle plans using it require numerical investigations in the first place, assessing in particular doable beam energy ranges including tolerances on field and alignment defects. A detailed study in this line would have to precede any further plans for an experiment.
This short report gives very preliminary and qualitative polarization tracking outcomes which confirm the principle of fast acceleration of a polarized electron bunch, using Cornell RCS nominal optics and RF conditions, and provide rough indications on tolerances on defects regarding polarization. Table 1 lists the RCS parameters, it is used as the reference for the setup of the polarization transport simulation files in the next sections, details of the parameter values effectively used will be made clear in due place. 0  100  200  300  400  500  600  700 800 
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Figure 3: Acceleration required for peak energy of 3, 5, 10 GeV [4, 5] .
Depolarizing resonance strength 
Optics
Cornell RCS sequence for bunch polarization tracking [6] has been translated from the MAD model.
Given appropriate radial offset of the six different families of combined function bends in their stepwise ray-tracing model, the residual periodic orbit is zero. That offset is required because of the arc of circle trajectory in the straight axis "MULTIPOLE" model used. In addition, it is obtained using a fitting procedure as the trajectory across the combined function bend experiences a non-constant field (see App. A).
Basic optics outcomes are displayed in Tab. 2 and in Figs. 1, 2. These paraxial data appear to be practically identical in the two models, MADX and ray-tracing. 
Depolarizing resonances
• Intrinsic resonances. Figure 4 shows the strength of intrinsic resonances (of the form aγ ± Q y = integer) in a 0 < aγ < 50 range (.2 < E < 22 GeV). They are calculated in the thin-lens model, namely
a summation over quadrupoles around the ring, with (KL) i the strength of quadrupole number i, α i the orbital angle, β y,i the vertical betatron function value (taken from the ray-tracing model, Fig. 2 ), ψ i = θi 0 ds βy the betatron phase advance, and '±' sign for respectively aγ ± Q y − n = 0, n integer.
Numerical simulations to follow will yield insights, however a first estimate of the effect of the depolarizing resonances can be obtained as follows. Assume the strongest resonance crossed is that at aγ = 21 − Q y ≈ 10.18 just preceding aγ = 0 + Q y ≈ 10.82 (Fig. 4) , -take ε y,N = 10 4 π µm normalized invariant value at ≈ 4.5 GeV (large excursion particles, 10 times the nominal rms bunch emittance, see Tab. 2), -thus the experienced strength is |ǫ| ≈ 5 10 One then gets the ratio of final to initial polarization upon crossing such resonance,
an encouraging result given that the few upstream resonances all are weaker, Fig. 4 . An upper limit of the cumulated effect of the intrinsic resonance series from injection to aγ < Q y can be derived in the following way : Crossing a N-series of resonances, 1, 2, 3, ... N, results in the final P f,N (next to the N-th resonance) to initial P i,1 (before the i-th resonance) polarization ratio
given that, for all j, P j,i ≡ P j−1,f . Now, as P f /P i ≈ 1, take exp(−π|ǫ| 2 / 2α) ≈ 1 − π|ǫ| 2 /2α and so P f /P i ≈ 1 − π|ǫ| 2 /α. The relation above thus yields
with |ǫ j | and α j = daγ j /dθ respectively the strength of, and crossing speed at resonance j. The ingredients needed to estimate this are, -the acceleration rate α j = daγ j /dθ, about 10 −3 ∼ 3 10 −3 over 0.6 ∼ 4.8 GeV (the lower energy resonance in Fig. 4 is at ≈1.2 GeV), -the resonance strength, which scales with 1 + aγ (assuming constant geometrical ǫ y , Eq. 1), -and the time-dependent RF voltage and energy loss, which determine the turn-by-turn energy gain. However, even in the pessimistic hypothesis that, for all j, |ǫ j | = 1.5 10 −3 and α j = 10 −3 , a series of 10 such resonances would yield (Eq. 3)
• Imperfection resonances. They satisfy aγ = integer, their strength can be calculating using
However they are y co,i dependent (orbit amplitude at each quadrupole), thus their assessment will be postponed to numerical simulations including random vertical orbit defects, next Sections.
Polarization tracking, no SR
In this Section we review basic outcomes of resonance crossing, in the presence of large betatron motion in a defect-free lattice first, and in the presence of orbit imperfections next. It will come out of these preliminary simulations that, as expected from Sec. 2.2, intrinsic resonances are essentially harmless considering the emittances at Cornell RCS (the resonance strength parameter |ǫ| 2 /8α is below 10 −2 in the energy range of interest for that experiment, up to 10 GeV about, leading to preservation of polarization close to 100%). The simplified simulation conditions in this Section are the following :
-a set of 17 particles are tracked, all launched on the same invariants ε x ≈ 0, ε y /π = 0.25 or 25 µm geometrical (ε y /π = 10 2 or 10 4 µm normalized), -different types of defects are considered, specified in due place, -the acceleration voltage applied is ( -the tracking uses a Monte Carlo SR process [7] , Some of the input data to the tracking code are added in the text, for the simulation conditions to be clear, and reproducible.
Intrinsic resonances
This preliminary tracking aims at establishing the basis tracking conditions, and in passing confirming Sec. 2.2. A defect-free ring is considered, vertical betatron motion is the potential source of depolarization, by intrinsic resonances.
The invariant used here is determined as follows : the normalized vertical emittance is 1140µm at 5.3 GeV (Tab. 1). Ignoring SR effects that yields 1140/391 ≈ 2.9 µm at injection (200 MeV). Large excursion particles are considered, an invariant 9 times that value, ε y /π = 25 µm geometrical. Spin tracking results are displayed in Fig. 6 . The depolarization through the resonance aγ = Q y = 10.82 amounts to an average P f /P i ≈ 0.1, which results from the large invariant considered. This is consistent with the following quantities : 
K1 defect in CF bends
A contrario, we make sure here that a gradient defect in the CF dipoles (which will contribute horizontal orbit and beta-beat) has marginal effect on the polarization. This is confirmed in Fig. 7 .
• OBJET and ERRORS command data for Fig. 7 (17 particles evenly on 100π invariant, dK1/K1 ∈ ±1% (random, uniform) in all main bends) : "MULTIPOL{B}" stands for the 200 main bends found in the RCS lattice. The optics is perturbed by random, uniform dK1 in these bends. The table above to the right gives the perturbed optics, for comparison with the unperturbed case page 5.
Imperfection resonances
Random kicks in vertical correctors (a similar effect to vertical displacement of the CF function dipoles) and roll angle are the two types of defects considered. Only one random seed will be thrown, no statistics is performed in this preliminary approach. Various vertical orbit amplitudes considered, commensurate with orbit records at Cornell RCS, Fig. 9 .
Vertical orbit
Vertical orbit is created with a random field in the 46 vertical kickers. The vertical invariant is taken small (100 πµm norm.), for the imperfection resonances to dominate.
• OBJET and ERRORS command data for The orbit has a strong betatron-frequency Fourier component, it can be removed in a refined approach.
Main bend roll
Defect orbit is induced here by a random roll of the dipole component in the CF dipoles. The amplitude of the effect is illustrated in Fig. 10 . Fig. 11 shows the resulting crossing through aγ=integer resonances up to 7.3 GeV, for three different sets of random K 0 rolls, taken in a uniform distribution, respectively in the interval ±0.02, ±0.1 or ±1 degree. • The ERRORS command data for 
All errors included
• The OBJET and ERRORS command data for A summary of these preliminary outcomes
The Table below summarizes the outcomes of these elementary tracking simulations, for the different error conditions explored in the previous sections. Only for unrealistically large orbit deviation does the depolarization become significant. 
Polarization tracking, including SR
Energy loss by synchrotron radiation is added in the tracking. The simulation conditions are the following :
-a set of 960 particles are tracked, Gaussian-distributed in huge initial emittances ǫ x /π = ǫ x /π = 25 µm geometrical at 320 MeV (9 mm normalized), and with initial dp/p ∈ ±10 −3 uniform. -defects of different amounts are considered, this is specified in due place, only one random seed is thrown, no statistics performed in this preliminary approach, -the acceleration voltage applied is (Fig. 5) V(t) = 4.4 sin(2πft) + 8.8 sin 8 (2πft/2), f = 60 Hz -the tracking uses a Monte Carlo SR process [7] . Note : Appendix B addresses benchmarking matters. More is in order obviously, this is postponed to further studies. (Tab. 4).
• V-kicker orbit : 0.6 mm ; K0 roll/V-orbit : 0.01 degree/1 mm ; dK1/K1=1% 
Beam monitoring
A first set of figures, upper part of page 11, monitors particle motion over the acceleration cycle. This includes defects, namely, a 0.6 mm rms orbit contribution induced by the vertical kickers (as in Sec. 3.2.1), a 1% rms random gradient error in the bends (as in Sec. 3.1), a 0.05 degree rms random roll angle in the main bends (Sec. 3.2.2).
Polarization transmission
A second set of figures, lower part of page 11, shows the polarization transmission for three different levels of defects : (i) 0.3 mm rms orbit contribution induced by the vertical kickers (as in Sec. 3.2.1), a 0.01 degree roll angle in the main bends (Sec. 3.2.2), a 1% gradient error in the bends (as in Sec. 3.1),
(ii) 0.6 mm rms orbit, 0.05 degree roll, 1% gradient error, (ii) 2.5 mm rms orbit, 0.1 degree roll. 1% gradient error,
Comments
Very preliminary tracking simulations in Cornell RCS using different types of orbit defects, essentially summarizing into Fig. 14 results, indicate that a high degree of polarization transmission is obtained up to the neighboring of the aγ = Q y intrinsic resonance in the 4.8 GeV region. Crossing the latter is doable in addition, with proper orbit (harmonic) correction, this is left to further investigations. In order to proceed toward a feasibility demonstration as a preliminary step toward an experiment at Cornell, the actual synchrotron optics and acceleration ramp parameters have to be clarified, including orbit values and control/corrector schemes on the ramp, as well as the categories of defects to be injected.
More simulations are needed in any case, with realistic RF ramp and orbit defects/correction throughout the acceleration cycle, and statistics over random defect sets, to demonstrate effective end-to-end transmission of bunch polarization up to energies comparable to eRHIC RCS range, namely 5∼10 GeV and possibly higher.
Regarding an experiment at Cornell RCS, in addition : As stressed earlier (Sec. 1), assessing effectiveness of polarized e-bunch acceleration would require polarimetry in the injector region (source or linac), and at top energy (for instance in CHESS storage ring). It would also require a polarized electron source. These topics are in discussion at present [8] .
A SBEND centering
Cornell RCS bends are straight axis, parallel face, combined function magnets (gradient is dB/dx).
The closed orbit across the magnet is close to an arc of a circle; due to the gradient it experiences a non-constant dipole field. In zgoubi, this requires introducing an offset of the magnet (dx) such as to ensure proper deviation and identical position, opposite angles, at respectively entrance and exit.
The corresponding MULTIPOL sequence (translation of MADX bend) is given below, for each one of the 6 dipoles of concern. 
B Benchmarking bunch motion
Note that there is matter here for benchmarking tracking outcomes against theory. Damping should satisfy, to first order in the invariants,
U z + C z (t) − 1 p dp dt U z (z = x or y), with τ −1
which can simply be integrated numerically to check against tracking outcomes (App. C shows the motion). The partition numbers therein satisfy
These quantities can either be derived from the lattice, or from numerical tracking, for instance, Note that D values differ by 15% depending on the method, the reason has to be found out. There are essentially two different theoretical bending radii around the ring, 97.87 m and 97.79 m. Computing the energy loss or the quantities above using their average instead makes no significant difference, this is illustrated in Tab. 4 including comparisons with tracking outcomes. Figures 15, 16 display the evolution of horizontal and vertical emittance with time, respectively ǫ x (t) = ǫ x,0 e t/|τx| − 1 , ǫ y (t) = ǫ y,i e −t/τy (8) with ǫ x,0 a constant and ǫ y,i an initial value. Tab. 4 displays the numerical values for τ x,y obtained by matching numerical emittances to these theoretical ǫ x,y (t) (Fig. 16 ) and shows in particular that τ y[s] ≈ 2.77/E 
C Transverse motion at constant energy
Sample tracking outcomes regarding the evolution of H and V emittances at 5 and 10 GeV, and actual particle motion. 
